Podocyte injury is believed to contribute to glomerulosclerosis in membranous nephropathy. To identify the factors involved, we investigated the effects of basic fibroblast growth factor (bFGF), a cytokine produced by podocytes, on rats with membranous nephropathy (passive Heymann nephritis [PHN]). All rats received a daily i.v. bolus of 10 1sg bFGF or vehicle from days 3-8 after PHN induction. In proteinuric PHN rats on day 8, bFGF injections further increased proteinuria. Podocytes of bFGF-injected PHN rats showed dramatic increases in mitoses, pseudocyst formation, foot process retraction, focal detachment from the glomerular basement membrane, and desmin expression. bFGF injections in PHN rats did not alter antibody or complement deposition or glomerular leukocyte influx. bFGF-injected PHN rats developed increased glomerulosclerosis when compared with control PHN rats. Also, bFGF induced proteinuria and podocyte damage in rats injected with 10% of the regular PHN-serum dose. None of these changes occurred in bFGF-injected normal rats, complement-depleted PHN rats or rats injected with 5% of the regular PHNserum dose. These divergent bFGF effects were explained in part by upregulated glomerular bFGF receptor expression, induced by PHN serum. Thus, bFGF can augment podocyte damage, resulting in increased glomerular protein permeability and accelerated glomerulosclerosis. This bFGF action is confined to previously injured podocytes. Release of bFGF from glomerular sources (including podocytes themselves) during injury may represent an important mechanism by which podocyte damage is enhanced or becomes self sustained. (J. Clin. Invest. 1995Invest. . 96:2809Invest. -2819 
Membranous nephropathy is one of the most common types of glomerulonephritis in humans (1) . Studies on Heymann nephritis, a rat model of membranous nephropathy, as well as subsequent clinical studies have established that the acute glomerular damage in membranous nephropathy results from the formation of subepithelial immune complexes, complement activation, and finally, damage to the visceral glomerular epithelial cells (podocytes) (reviewed in references 1 and 2). In contrast to the pathogenesis of the acute phase of the disease, relatively little is known about the mechanism s) underlying the development of progressive glomerulosclerosis and renal insufficiency, occurring in -50% of the patients with membranous nephropathy (1) .
Recently, we have become interested in the role of basic fibroblast growth factor (bFGF,' also termed FGF2) during glomerular disease (3, 4) . Basic FGF is a pleiotropic cytokine, which is constitutively expressed in many cell types (5) , including glomerular mesangial cells (3) . Upon (sub-)lethal cell injury, basic FGF is released (reviewed in reference 6) and we have suggested that this may be an important step in the initiation of mesangioproliferative glomerulonephritis (3) . Interestingly, in those studies, prior injury to the mesangial cells was required to render them susceptible to the mitogenic action of bFGF (3) .
In addition to glomerular mesangial cells, immunoreactivity for bFGF can also be detected in podocytes as well as in parietal glomerular epithelial cells (7) . Similar to its action on mesangial cells in vitro (8) , bFGF was also found to act as a mitogen on glomerular epithelial cells in culture (7) . In the present study we have therefore examined the questions of whether bFGF may act as a mitogen on podocytes in vivo and whether the bFGF-induced proliferation might lead to an aggravation of preexisting glomerular injury resulting in permanent damage. For these studies, experimental membranous nephropathy was induced in rats by injecting an antiserum to a crude tubular extract, termed FxlA (passive Heymann nephritis [PHN] ) (9) . Our data show that under these circumstances bFGF induced mitoses and pseudocyst formation in podocytes, but not in parietal glomerular epithelial cells. This action of bFGF was restricted to rats with prior complement-mediated podocyte injury and may, in part, result from upregulated bFGF receptor expression in injured podocytes. The injury was associated with increased proteinuria and an accelerated development of glomerulosclerosis.
Methods
Experimental design. Male Sprague Dawley rats (Zentralinstitut fur Versuchstierkunde, Hannover, Germany), weighing -200 grams at the start of the experiment, were used for all experiments. Animal experiments, and the experimental design were approved by the local review boards. Unless stated otherwise, the following protocol was used in all experimental groups (Fig. 1 ): PHN was induced using a sheep antibody to FxlA as described (10) . Anti-FxlA or control antibody or PBS was injected intravenously at day 0. From day 3 to 7 after disease induction, rats received daily i.v. bolus injections of either a 500-Il vehicle (10 mM sodium citrate buffer, pH 6.0; diluted 1:500 in PBS pH 7.4) or a 500-1.d vehicle containing 10 1.g human recombinant bFGF (kindly provided by Synergen, Boulder, CO). Surgical (maximum two per rat) or autoptic renal cortical biopsies as well as serum samples were obtained on days 5, 8, 30, 60, and 120 after disease induction. 24-h urine collections were performed on days 3, 8, 13, 30, 60, and 120 after disease induction. To allow the measurement of urinary C5b-9 concentration, urine was collected in 10% (vol/vol) of a 0.2 M Tris-buffer containing a mixture of protease inhibitors (benzamidine, E-aminocaproic acid, EDTA, aprotinin) as previously described (11) .
The following experimental groups, depicted schematically in Fig.  1 , were studied: (a) 24 rats received the full dose, i.e., 1.0 ml, of anti-FxlA (subsequently referred to as "PHN rats"). (b) Eight PHN rats prior to disease induction were depleted of complement with cobra venom factor (CVF) (Naja naja kaounthia; Diamedix Corp., Miami, FL) as previously described (12) . Rats then received anti-FxlA followed by two bolus injections of bFGF or vehicle (days 3 and 4) before killing on day 5. (c) Four rats received an i.v. injection of anti-gp 330 IgG at a dose which was equivalent to the amount of anti-gp 330 contained in 1 ml of anti-FxlA antiserum (13) . gp 330 is a podocyte antigen recognized by anti-FxlA antibody (2) . However, although antigp 330 IgG binds to podocytes and induces the formation of typical subepithelial immune complexes, it does not result in complement activation or proteinuria (2) . Anti-gp 330 IgG for this study was isolated from the sheep anti-Fx 1A antiserum by affinity chromatography as pre-viously described (13) . Anti-gp 330-injected rats then received five bolus injections of bFGF as described above. Renal biopsies were obtained at day 5 and at death (day 8). (d) Four rats received 1 ml anti-FxlA, followed by five bolus injections of 10 ,ig poly-D-lysine (hydrobromide, mol wt 15,000-30,000, pI -10.5; Sigma Chemical Co., Deisenhofen, Germany). Renal biopsies were obtained at days 5, 8, and at time of death (day 120). (e) 24 rats received 10% of the full dose of anti-FxlA antiserum, i.e., 0.1 ml per rat, before the bFGF or vehicle injections. Pilot experiments had demonstrated that at this dose of anti-FxlA antiserum no proteinuria developed during the heterologous phase of the disease (through day 6), while proteinuria did develop during the autologous phase after day 6. (f ) 12 rats received 5% of the regular amount of anti-FxlA antiserum, i.e., 0.05 ml per rat before the bFGF or vehicle injections. In pilot experiments this dose did not induce proteinuria during either the heterologous or the autologous phase. (g) Four rats received an injection of 1 ml PBS at the start of the experiment, followed by five bFGF bolus injections as described above. Renal biopsies were obtained on days 5, 8, and 120.
Renal morphology. Tissue for light microscopy and immunoperoxidase staining was fixed in methyl Carnoy's solution (14) and embedded in paraffin. 4-pm sections were stained with the periodic acid Schiff (PAS) reagent and counterstained with hematoxylin. For each biopsy over 30 cross sections (range 30-100) of consecutive cortical glomeruli containing > 20 discrete capillary segments each were evaluated by one of the authors, who was unaware of the origin of the slides. The number of glomerular mitoses was counted separately in 3 locations: those located within the core of the glomerular tuft, those located at the outer edge of the tuft and those within parietal glomerular epithelial cells. Mean values per biopsy were then calculated and extrapolated to 100 glomeruli. To obtain mean numbers of mitoses in cells of the cortical tubulointerstitium, over 30 grid fields (range 30-50), measuring 0.1 mm2 each, were evaluated (grid parts containing glomerular cross sections were ignored in this evaluation). Glomerular apoptoses were recognized as described previously (15) as cells with densely staining nuclei, smaller than any others, with no nuclear heterogeneity on racking up and down on the focussing ring of the microscope. These cells were sometimes in a "halo" of tissue from which they had retracted. Glomerular matrix expansion was assessed by staining sections with silver methenamine. The percentage of glomeruli exhibiting focal or global glomerulosclerosis was determined as previously described ( 16) .
Immunoperoxidase staining. 4-i.m sections of methyl Carnoy's fixed biopsy tissue were processed by a direct or indirect immunoperoxidase technique as previously described (14) . Primary antibodies included: (a) EDI (Camon, Wiesbaden, Germany), a murine monoclonal IgG antibody to a cytoplasmic antigen present in monocytes, macrophages and dendritic cells (17); (b) RP-3 (kind gift of F. Sendo, Yamagata, Japan), a murine monoclonal IgM antibody to rat neutrophils (18); (c) OX-22 (Serotec Ltd., Kidlington, United Kingdom), a murine monoclonal IgG antibody to the high molecular weight form of the rat common leukocyte antigen expressed on B lymphocytes and most T lymphocytes; (d) DE6, a murine monoclonal IgGi antibody against recombinant human bFGF (kindly provided by T. Reilly; DuPont-Merck, Wilmington, DE) (19) , which cross-reacts with rat bFGF (3); (e) D33, a murine monoclonal IgG, antibody against human muscle desmin (Dako Corp., Glostrup, Denmark); (f) 1A4, a murine monoclonal IgG2a antibody to an NH2-terminal synthetic decapeptide of a-smooth muscle actin (Dako Corp.); (g) an IgG fraction of polyclonal rabbit anti-rat laminin (Chemicon, Temecula, CA); (h) affinity purified polyclonal goat anti-human/ bovine type IV collagen (Southern Biotechnology, Birmingham, AL).
For all biopsies, negative controls consisted of substitution of the primary antibody with equivalent concentrations of an irrelevant murine monoclonal antibody or normal rabbit or goat IgG.
Mean values per biopsy were calculated for the number of leukocytes per glomerular cross section (see comment above). To obtain mean numbers of infiltrating leukocytes in the cortical tubulointerstitium, 30 grid fields, measuring 0.1 mm2 each, were evaluated. For the evaluation of the immunoperoxidase stains for desmin, a-smooth muscle actin, bFGF, laminin and type IV collagen, each glomerular tuft was graded semiquantitatively as described previously (20) , and the mean score per biopsy was calculated. Each score reflects mainly changes in the extent rather than intensity of glomerular staining: 0, Diffuse, very weak or absent glomerular staining. No localized increases of staining; 1+, as "0", but up to 25% of the glomerular tuft showing focally increased staining; 2+, 25-50% of the glomerular tuft showing focally increased staining; 3+, 50-75% of the glomerular tuft showing focally increased staining; 4+, > 75% of the glomerular tuft showing focally increased staining.
To assess podocytes separately, the glomerular immunostains for desmin and bFGF were also graded according to the extent of cellular staining at the outer edge of the glomerular tuft: 0, Very weak or absent staining; 1+, Strong staining of up to 25% of the cells lining the glomerular tuft; 2+, 25-50% of the cells lining the glomerular tuft demonstrating strong staining; 3+, 50-75% of the cells lining the glomerular tuft demonstrating strong staining; 4+, > 75% of the cells lining the glomerular tuft demonstrating strong staining.
Immunofluorescence staining. Immunofluorescence detection of glomerular sheep IgG or complement C3 was carried out on 4-am sections of frozen kidney tissue using an indirect immunofluorescence procedure (21) . Primary antibodies included polyclonal donkey anti-sheep IgG (Amersham Corp., Braunschweig, Germany) and polyclonal rabbit anti-human C3c (Dako Corp.).
For the immunofluorescent detection of rat bFGF receptor a polyclonal rabbit antibody to an external region peptide of the flg receptor (Upstate Biotechnology Inc., Lake Placid, NY) was used on 0.5-psm frozen sections. This antibody has been previously shown to recognize rat bFGF receptor (22) . Bound primary antibody was detected with affinity-purified, biotinylated goat anti-rabbit IgG (Vector Laboratories, Inc., Burlingame, CA) and streptavidin-FITC (Amersham Corp.). In control sections, the bFGF receptor antibody was replaced by normal rabbit serum.
For the evaluation of immunofluorescent stains, glomerular cross sections were graded semiquantitatively as either 0 (indistinguishable from control) or positive according to the degree of glomerular fluorescence (1+, weak; 2+, moderate; 3+, intense).
Quantification ofglomerular IgG deposition. To quantify glomerular deposition of sheep (anti-FxlA) IgG, 4-I.m sections of frozen kidney were stained for sheep IgG as stated above. Sections were then scanned by confocal microscopy using an ACAS Ultima Interactive Laser Cytometer (Meridian Instruments, Inc., Okemos, MI), which permits quantitative analyses of fluorescence intensity. An image field of 3.2 mm2 was scanned for each section; where < 15 glomeruli were present two fields were scanned. Using the Meridian image analysis system, the fluorescence intensity over individual glomeruli was then analyzed. Data from a minimum of 13 individual glomeruli per animal were averaged. Results are expressed as average fluorescence units emitted per glomerulus. Electron microscopy. Tissue was cut into pieces of 1 mm3 and fixed for at least 24 h in 1.25% glutaradehyde (Merck, Darmstadt, Germany), dissolved in a buffer containing 0.04 M cacodylic acid (sodium salt; Serva, Heidelberg, Germany), pH 7.2. Tissue was then processed for transmission electron microscopy by standard procedures.
Immunoelectron microscopy. Immunoelectron microscopy with the polyclonal rabbit antibody to an external region peptide of theflg receptor (Upstate Biotechnology Inc.) was performed on frozen tissue as described previously (23). Measurement of urinary C5b-9. Detection of CSb-9 in urine was performed by an ELISA that utilizes antibodies to a neoantigen of CSb-9 (monoclonal murine 2A1 antibody) as the detecting antibody, and to C6 (polyclonal anti-human C6, crossreactive with rat C6) as the capturing antibody, as described elsewhere (11) .
Isolation of glomerular RNA and Northern blotting. To investigate whether the glomerular bFGF synthesis is upregulated in PHN, total glomerular RNA was extracted from isolated glomeruli of normal rats or rats with PHN at day 5 after disease induction using RNAzol B (Cinna/Biotecx Laboratories, Friendswood, TX) followed by a LiCl precipitation as described previously (16) . Northern analysis was performed as described (24) using 30 539-bp, radiolabeled (24) XHO1 /NCOl fragment of rat ovarian bFGF cDNA from plasmid RObFGF-477 (kind gift of A. Baird, Whittier Institute, La Jolla, CA) was used to detect rat bFGF transcripts. Membranes were prehybridized and hybridized as described and autoradiograms were obtained (24) . Miscellaneous measurements. Urinary protein was measured using the Bio-Rad Protein Assay (Bio-Rad Laboratories GmbH, Munchen, Germany) and bovine serum albumin (Sigma Chemical Co., St. Louis, MO) as a standard. Creatinine was measured in serum or urine using an autoanalyzer (Beckman Instruments GmbH, Munchen, Germany). Statistical analysis. All values are expressed as mean±SD. Statistical significance (defined as P < 0.05) was evaluated using the Student's t test (25) .
Results
bFGF augments proteinuria and aggravates glomerular injury during early PHN (day 0 to 13). Fig. 2 shows that marked proteinuria developed beyond day 3 after disease induction in vehicle-injected PHN rats. In the PHN rats that had received injections of bFGF, proteinuria was significantly increased (P < 0.05) over the vehicle-injected rats at days 8 and 13 ( Fig. 2 ).
Light microscopy of PAS-stained renal sections from vehicle-injected PHN rats showed mild to moderate podocyte hypertrophy but no other glomerular abnormalities at days 5 and 8 after disease induction ( Fig. 3 a) . In contrast, in bFGF-injected PHN rats podocytes appeared considerably hypertrophied, associated with extensive pseudocyst formation ( Fig. 3 b) . Podocyte cell nuclei were frequently very large. The number of glomerular mitoses in bFGF-injected PHN rats increased 8.5-fold on day 5 and 4.5-fold on day 8 over that observed in vehicle treated rats (Fig. 4 ). The majority of these mitoses were located at the edge of the glomerular tuft (Figs. 3 c and 4), suggesting that they were confined to podocytes. Rare podocytes appeared to be multinucleated ( Fig. 3 d) . No effect of bFGF on the frequency of mitoses in parietal glomerular epithelial cells or tubulointerstitial cells (data not shown) was noted. Total glomerular nuclei counts increased significantly between days 5 and 8 in bFGF injected PHN rats, but not in vehicle treated PHN rats (Table I ). In contrast, the number of apoptotic cells per glomerular cross section remained constant in both groups (Table I) .
Electron microscopy of renal biopsies obtained at day 5 and 8 after induction of PHN showed typical foot process "fusion" and subepithelial immune deposits in vehicle-injected PHN rats (Fig. 5 a) . In addition to these findings, in bFGF-injected PHN Figure 3 . Renal morphology of vehicle-injected (a) or bFGF-injected (b) PHN rats on day 5 after disease induction. Podocyte hypertrophy but no other abnormalities are noted in vehicle-injected PHN rats, while there is marked podocyte hypertrophy and pseudocyst formation in bFGF-injected PHN rats. Frequent podocyte mitoses were observed in bFGF-injected PHN rats (c, arrow) and, rarely, podocytes which apparently contained more than one nucleus could be detected (d, arrow). PAS-stain, magnifications 400 (a and b) and 1,000 (c and d).
rats, podocytes were characterized by marked hypertrophy and attenuation of the cell bodies, nuclear enlargement, and extensive pseudocyst formation ( Fig. 5 b) . Protein reabsorption droplets were more frequently observed in podocytes of bFGF-injected PHN rats than in those of vehicle injected PHN rats. Mitotic figures and binucleated podocytes were also seen at the electron microscopy level. Podocyte cell bodies were often densely filled with absorption droplets of varying electron density. Although rare, areas of podocyte detachment from the GBM were clearly seen ( Fig. 5 b) .
Renal biopsies were also immunostained for desmin, a cytoskeletal marker of podocyte injury (26) , as well as a-smooth muscle actin, a cytoskeletal marker of activated mesangial cells (24) . Similar to previous observations (26) , desmin staining within the core of the glomerular tuft and, in particular, along the edge of the glomerular tuft increased in vehicle-injected PHN rats ( Fig. 6 ). Desmin immunostaining of the core and edge of the glomerular tuft increased further in bFGF-injected PHN rats ( Fig. 6 ). No glomerular expression of a-smooth muscle actin was detectable in either group.
The normal immunostaining pattern with anti-bFGF antibody, i.e., strong mesangial staining and weaker podocyte staining (3), was not altered in vehicle-injected PHN rats. Mesangial staining for bFGF tended to be mildly increased in bFGF-injected PHN rats (Table I) but podocyte staining was unchanged. No bFGF mRNA could be detected by Northern blotting in normal rat glomeruli or glomeruli isolated from PHN rats at 5 d after disease induction (data not shown).
Immunostaining for the extracellular matrix proteins laminin and type IV collagen confirmed previous observations (27) by showing a normal glomerular staining pattern in vehicleinjected PHN rats on days 5 and 8. In bFGF-injected PHN rats, podocytes and the glomerular basement membrane continued to exhibit a normal staining pattern, but mild expansion of immunostaining in the mesangium was occasionally noted on days 5 and 8 (Table I) . No glomerular influx of neutrophils or lymphocytes was observed in vehicle or bFGF-injected PHN rats during the early phase of the disease. The number of glomerular macrophages in vehicle-injected PHN rats increased 1.5-fold (day 5) and 1.3fold (day 8) over normal control specimens (1.1+0.2 macrophages/glomerular cross section). This finding remained unchanged in bFGF-injected PHN rats (Table I) .
To exclude the possibility that the bFGF injections affected the binding of sheep anti-Fx1A antibody to podocytes, glomerular sheep IgG deposition was quantified on day 5 after the induction of PHN in both vehicle and bFGF-injected rats. The data showed no difference between the two groups (fluorescence intensity in vehicle-injected PHN rats 1.36±0.45 fluorescence units versus 1.44+0.36 fluorescence units in bFGF-in- jected PHN rats; P > 0.05). Also, glomerular C3 deposition was not different between the two groups and ranged from 2+ to 3+ in all specimens. Finally, the urinary excretion of CSb-9, a direct reflection of ongoing podocyte immune injury ( 11), was not altered by bFGF injections in PHN rats on day 5 ( 1.2±0.5 versus 1.3+±0.7 U/mg creatinine in vehicle and bFGFinjected PHN rats, respectively) and day 8 (0.5±0.3 versus 0.4±0.2 U/mg creatinine). Increased urinary CSb-9 excretion was no longer detectable at days 13, 30, 60, and 120 after induction of PHN in either group. bFGF aggravates the development of glomerulosclerosis in late PHN (day 30 to 120). No glomerulosclerosis was noted at day 30 after disease induction in PHN rats injected with bFGF or vehicle (Table II) . 60 d after disease induction bFGF-injected PHN rats exhibited a minor increase of segmental glomerulosclerosis over that observed in vehicle-injected PHN rats (Table   Basic Fibroblast II). 120 d after disease induction, a marked difference in the number of segmentally or globally sclerosed glomeruli was noted between bFGF and vehicle-injected PHN rats (Table II , Fig. 7 ). The development of glomerulosclerosis was associated with periglomerular fibrosis, mild to moderate interstitial fibrosis and interstitial mononuclear cell infiltration, and occasional tubular dilatation (Fig. 7) . These changes were more pronounced in the PHN rats that had received bFGF than in those that had received vehicle only (Fig. 7 ). In accordance with our observations in other models of progressive glomerular sclerosis (28) , the development of glomerulosclerosis in bFGF-injected PHN rats was associated with an increase in silver-staining extracellular matrix as well as diffusely increased immunostaining for glomerular laminin and type IV collagen (data not shown).
Serum creatinine was not different between bFGF-and vehicle-injected PHN rats until day 120 after disease induction (Table II). On day 120, serum creatinine concentrations were sig- In the vehicle-injected PHN rat, occasional focal glomerulosclerosis is noted, while the remaining renal tissue exhibits a normal morphology. In the bFGF-injected PHN rat, many glomeruli exhibit focal or global glomerulosclerosis, and some degree of interstitial fibrosis as well as infiltration of the interstitium with inflammatory cells is noted. PAS-stain, magnification 100.
nificantly higher in bFGF-injected PHN rats than in vehicleinjected PHN rats (Table II) . As shown in Fig. 2 , proteinuria did not differ between the two groups at any of the late time points. bFGF-induced glomerular injury depends on complement activation during early PHN. To elucidate the mechanism(s) involved in the aggravation of PHN by bFGF several control experiments were carried out. Since the main pathological characteristic of PHN, namely proteinuria, is believed to require the insertion of C5b-9 into the podocyte membrane (1, 2) , the control experiments focused primarily on the role of complement. Thus, rats were either depleted of complement with CVF before the induction of PHN (PHN/CVF rats), or they were injected with anti-gp 330, an antibody fraction of the anti-Fx1A antiserum, which does bind to podocytes but does not activate complement (2) (anti-gp 330 rats).
Immunohistological examination of renal tissue obtained from PHN/CVF and anti-gp 330 rats injected with bFGF showed 2+ to 3+ glomerular deposition of sheep IgG in all glomeruli but no glomerular C3 deposits. There was no evidence of podocyte injury in either group as evidenced by (a) the lack of proteinuria, (b) the absence of podocyte mitoses or pseudocysts, and (c) minimal or absent desmin immunostaining in podocytes. However, in both groups, bFGF led to a small increase in mitoses within the core of the glomerular tuft (range 2.1+0.8to 3.4+1.2-fold) when compared with normal control specimens. In many cases, these mitoses appeared to be localized in glomerular endothelial cells (data not shown).
bFGF-induced glomerular injury exhibits different characteristics than those induced by injections of another cationic compound. To evaluate whether the effects of bFGF in PHN are related to the positive charge of bFGF at physiological pH, control experiments were performed in which PHN rats received five injections of poly-D-lysine, a strongly cationic polyamino acid. The findings on day 8 showed that poly-D-lysine markedly augmented proteinuria when compared to vehicle-injected PHN rats (Table III) . Similar to bFGF injected PHN rats, the increase in proteinuria induced by poly-D-lysine was transient and did not persist until day 120 (Fig. 2 and Table III ). PAS staining of renal biopsies revealed moderate podocyte hypertrophy. However, in contrast to bFGF-injected PHN rats podocyte pseudocyst formation was very rare. Furthermore, compared with vehicle-injected PHN rats, the number of podocyte mitoses tended to decrease rather than increase in the poly-D-lysine injected PHN rats (Table III) . In contrast to bFGF-injected PHN rats, no further upregulation of podocyte desmin expression was noted in poly-D-lysine injected PHN rats (Table HI ). In the long term, injections of poly-D-lysine into PHN rats did not significantly alter the frequency of segmental or global glomerulosclerosis (Table III) . The glomerular actions of bFGF depend on the degree of immunological glomerular injury. Given the absence of podocyte injury in PHN/CVF rats and anti-gp 330 rats, and given our previous observations in mesangial cells (3, 4) , we hypothesized that some degree of podocytic immune injury may be necessary to render these cells suspectible to the action of bFGF. Therefore, the effects of bFGF were examined in rats injected with 10 or 5% of the regular anti-Fx1A dose and in normal rats that received PBS only.
In the rats that had received 10% of the regular anti-FxlA dose plus vehicle injections from day 3 to 8, minor proteinuria developed during the autologous phase on day 12, which persisted until day 120 (Fig. 8 ). However, no increase in the number of glomerular mitoses (Fig. 9 ) or in the desmin immunostaining ( Fig. 10 ) over normal controls was noted. If the rats received bFGF instead of vehicle injections, proteinuria was significantly increased on days 13, 30, and 60 ( Fig. 8) , as did the number of glomerular mitoses at days 5 and 8 (Fig. 9 ). In this case, apparently, most of the mitoses were due to proliferating endothelial and/or mesangial cells, as few mitoses were noted at the edge of the glomerular tuft (Fig. 9) . A minor but significant increase of desmin immunostaining, both within the core and at the edge of the tuft, was also observed in the bFGFinjected group (Fig. 10 ). The frequency of focal or global glomerulosclerosis on day 120 was not significantly different between the vehicle and bFGF-injected group (vehicle-injected: 2±2%, bFGF-injected: 4±2%).
In the rats, that had received 5% of the regular anti-Fx1A dose plus either vehicle or bFGF injections, no proteinuria de- Figure 9 . Glomerular mitoses in vehicleor bFGF-injected rats that had received 10 or 5% of the regular anti-FxlA dose, counted on days 5 and 8 after disease induction, expressed as either the total number of mitoses within the core of the glomerular tuft or mitoses located at the edge of the glomerular tuft. For comparison, values obtained in normal, nonmanipulated rats are shown as well. veloped. However, in this group, bFGF also induced some glomerular damage, as evidenced by increased mitoses in cells within the core of the glomerular tuft ( Fig. 9 ) and increased podocytic desmin expression ( Fig. 10) . In normal rats, the five bFGF injections did not induce shortor long term glomerular damage and neither proteinuria, increased mitoses, podocyte pseudocysts, increased desmin immunostaining, or glomerulosclerosis were noted (data not shown).
Increased bFGF responsiveness in PHN may partially relate to upregulated bFGF receptor expression in podocytes. Immunofluorescent staining of renal sections from normal control rats did not show expression of bFGF receptor in glomeruli but 1+ to 2+ immunofluorescence of the luminal aspect of tubular cells (not shown). Injections of bFGF into normal rats did not lead to detectable glomerular receptor expression. In contrast, in vehicle-injected PHN rats on day 5, there was prominent (3+ immunofluorescence) bFGF receptor expression in the glomeruli (Fig. 11 ). The glomerular staining pattern in these rats followed the GBM and was finely granular along the outer aspect of the GBM (Fig. 11 ). In addition, some immunoreactivity appeared to localize to the cell body of podocytes ( Fig. 11 ). Immunoreactivity was also detected in the basolateral parts of some tubules (Fig. 11 ). To further define the glomerular localization of bFGF receptor expression, immunoelectron microscopy was performed. Using this technique, receptor expression was demonstrated in the Golgi apparatus and vesicles of podocytes ( Fig. 12 ). Occasional gold particles were also associated with the cell membrane, but the majority of gold particles localized to the subepithelial immune deposits (Fig. 12 ). Renal bFGF receptor expression was no longer detectable in PHN rats on day 120 after disease induction. The above findings remained unchanged in bFGF-injected PHN rats. In rats that had previously received injections of either anti-gp 330 or 5% of the normal anti-FxlA dose, there was also increased glomerular bFGF receptor expression in a pattern similar to that observed in the PHN rats. However, in these rats, glomerular immuno-fluorescence consistently ranged from 1+ to 2+ only, and no tubular immunofluorescence was observed.
Discussion
The main finding of the present study was that bFGF markedly enhanced glomerular injury in rats with established membranous nephropathy. Acutely, bFGF increased both the expression of the cytoskeletal protein desmin in podocytes as well as the number of podocyte mitoses and pseudocysts. It has been shown (26, 29) that desmin can serve as a marker of podocyte injury. Recently, we also reported that podocyte injury in PHN is associated with some degree of podocyte proliferation but failed to identify the mitogenic stimulus in those studies (30) . The present data as well as recent in vitro (7) and in vivo findings (31) suggest that bFGF may be one of the factors involved. Our data clearly show that bFGF can induce nuclear division in podocytes resulting in increased nuclear counts per glomerulus. Some evidence, however, suggests that nuclear division in podocytes was not regularly followed by complete cell division: (a) Rare multinucleated podocytes were detected in our study, and (b) Kriz et al. (31) recently did not observe an increase in absolute podocyte numbers despite nuclear divisions in podocytes after long term administration of high doses of bFGF to rats (see below). The existence of binucleated podocytes was also convincingly demonstrated in human focal glomerulosclerosis (Nagata, M., Y. Yamaguchi, and K. Ito, manuscript submitted for publication). The bFGF-induced augmentation of podocyte mitoses in our study was associated with severe structural abnormalities of the podocytic cytoplasm, probably compromising the important role of podocytes in maintaining glomerular permselectivity (32) . Not surprisingly, therefore, the induction of podocyte mitoses and cytoplasmic changes by bFGF was associated with increased proteinuria in the PHN rats. It appears unlikely that the cationic charge of bFGF was responsible for the above effects, since injections of the cationic molecule poly-D-lysine into PHN rats resulted in a different morphological picture, a different rate of glomerulosclerosis, and since bFGF did not induce proteinuria in normal rats (in contrast to poly-D-lysine, which induces proteinuria in normal rats [33] ). This suggests that we have investigated an intrinsic biological activity of the bFGF molecule rather than a nonspecific effect.
With respect to chronic glomerular injury, PHN per se is associated with the development of focal glomerulosclerosis. However, the extent of glomerulosclerosis and renal insufficiency is relatively minor (this study and reference 34). Basic FGF administration to PHN rats markedly enhanced the development of chronic renal injury as evidenced by increased glomerulosclerosis, interstitial fibrosis, and serum creatinines. Our study therefore supports the hypothesis that the degree of podocyte injury, leading to early focal adhesions between the GBM and Bowman's capsule and subsequent glomerular matrix accumulation, is an important determinant in the pathogenesis of chronic renal failure (35) .
To investigate the mechanism(s) underlying the deleterious action of bFGF in PHN, the role of complement, the central mediator of proteinuria in membranous nephropathy (1), was assessed. Our study shows that antibody binding alone to podocytes without subsequent complement activation is not sufficient to render them susceptible to the injurious effect of bFGF. Vice versa, bFGF did not alter glomerular anti-FxlA binding or the Marked upregulation of glomerular and, to a lesser degree, of tubular (arrows) bFGF receptor-i expression is present in rats with PHN (A). The finely granular glomerular staining pattern follows the GBM, in particular its outer aspect (A-C). Immunofluorescence is also detected within podocytes (B and C, arrows). extent of complement activation in PHN rats as assessed by quantitating antibody deposition using confocal microscopy, immunostaining for complement C3 and urinary excretion of the membrane attack complex. As discussed above, the charge of bFGF is also unlikely to underlie the enhancement of podocyte injury. Taken together, these observations suggest that prior podocyte injury in some way alters the cellular responsiveness towards bFGF.
In previous studies on mesangioproliferative glomerulonephritis, we had noted that at least a subclinical, complementmediated injury was required to render mesangial cells susceptible to the mitogenic action of bFGF (3, 4) . Similar observations have been made in vessel walls (36) . Also, in the present study bFGF acted as a mitogen for podocytes only if they had suffered some degree of injury before the bFGF infusion. Our data also suggest, that the same is true for endothelial and/or mesangial cells, as some proliferation within the core of the glomerular tuft was noted in bFGF-injected rats that previously had received 10% of the regular anti-FxlA doses. This latter observation may relate to the presence of antibodies with antiendothelial cell activity in the anti-FxlA antiserum (37) . A prime mechanism underlying the increased cellular susceptibility towards the action of bFGF would be modulation of glomerular bFGF receptor expression. Similar to normal human kidney, in which no glomerular bFGF receptor (FGFR-1; fig) expression has been detected by immunohistochemistry (38) , the present study also failed to detect glomerular expression of bFGF receptor in rat glomeruli. In agreement with our findings, a recent in situ hybridization study also failed to detect FGFR-1 to FGFR-3 mRNA in most normal rat glomeruli (39) . The marked upregulation of bFGFR-l expression in glomeruli of PHN rats may thus explain why these rats, but not normal rats, showed a marked biological response to bFGF injections. Our data suggest that in PHN the FGFR-1 receptor is synthesized by podocytes, as evidenced by the presence of immunoreactivity in the Golgi apparatus and vesicles of these cells. The preferential localization of FGFR-1 immunoreactivity in subepithelial immune deposits in addition to some immunoreactivity on the surface of podocytes may relate to capping and shedding of the receptor during PHN, a phenomenon which is well established for other podocyte surface molecules such as gp 330 (40, 41) . However, some degree of glomerular bFGF receptor upregula- tion was also noted in anti-gp 330 injected rats not responding to bFGF. This suggests that, apart from bFGF receptor upregulation, additional mechanisms may be involved in the increased bFGF responsiveness in PHN rats. Such mechanisms may include upregulation of FGFR-2 or FGFR-3, postreceptor signalling events or alterations of extracellular heparan sulfate proteoglycan composition, which are of crucial importance for bFGF signalling (42) . However, this latter possibility is not supported by our previous studies, which failed to reveal changes in glomerular heparan sulfate proteoglycan staining in early PHN (27) .
Two recent studies showed that prior podocyte injury is not an invariable prerequisite for the injurious action of bFGF (31, 43) . Thus, a pattern of damage similar to that observed in the present study could be induced by the long term administration of large quantities of bFGF to normal rats: Kriz et al. (31 ) have shown that the chronic administration (up to 90 d) of large quantities of bFGF ( -10-fold higher than the dose used in this study) to normal rats results in proteinuria, podocyte pseudocyst formation, binucleated podocytes, GBM denudation, and focal segmental glomerulosclerosis. Similar findings were also obtained in a study by Mazue et al. (43) , who gave normal rats 28 daily i.v. injections of a 20-fold higher bFGF amount than that used in this study.
In conclusion, this study shows that bFGF can markedly accelerate both acute and chronic podocyte injury with resulting long term damage to the kidney. However, podocytes not only respond to but also synthesize and store bFGF in vivo (7) . Based on these observations, we propose the following pathoge-netic mechanism: similar to findings in endothelial cells (44) , complement activation and generation of C5b-9 on the podocyte surface may result in release of preformed podocyte bFGF. Basic FGF released from such injured podocytes may, in turn, stimulate adjacent podocytes, particularly if these adjacent podocytes have been rendered more susceptible to bFGF by prior injury. This mechanism would thus serve to potentiate podocyte damage and consequently glomerulosclerosis. In this context, it is interesting to note that the pathogenesis of HIV-nephropathy, characterized by a rapidly progressive form of focal glomerulosclerosis (45) , has recently been linked to bFGF (46) . It is also noteworthy that the characteristic podocyte lesions observed in HIV nephropathy, namely enlargement and pseudocyst formation (45), as well as in another, potentially virus-induced disease of the podocyte, namely collapsing glomerulopathy (47), are reminiscent of those observed in the present study. Thus, bFGF-induced podocyte damage may represent a common pathogenetic mechanism by which various forms of glomerular diseases, such as membranous nephropathy and focal glomerulosclerosis, are accelerated.
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